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Successful subunit vaccination with recombinant proteins requires adjuvants. The glycolipid trehalose-dibehenate (TDB), a synthetic analog of the mycobacterial cord factor, potently induces Th1 and Th17 immune responses and is a candidate adjuvant for human immunization. TDB binds to the C-type lectin receptor Mincle and triggers Syk-Card9-dependent APC activation. In addition, interleukin (IL)-1 receptor/MyD88-dependent signaling is required for TDB adjuvanticity. The role of different innate immune cell types in adjuvant-stimulated Th1/Th17 responses is not well characterized. We investigated cell recruitment to the site of injection (SOI) and to the draining lymph nodes (dLNs) after immunization with the TDB containing adjuvant CAF01 in a protein-based vaccine. Recruitment of monocytes and neutrophils to the SOI and the dramatic increase in lymph node cellularity was partially dependent on both Mincle and MyD88. Despite their large numbers at the SOI, neutrophils were dispensable for the induction of Th1/Th17 responses. In contrast, CCR2-dependent monocyte recruitment was essential for the induction of Th1/Th17 cells. Transport of adjuvant to the dLN did not require Mincle, MyD88, or CCR2. Together, adjuvanticity conferred by monocytes can be separated at the cellular level from potential tissue damage by neutrophils.
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Introduction

The co-administration of adjuvants is required to induce T-cell immunity to protein antigens. Unfortunately, the lack of understanding the molecular and cellular mechanisms of adjuvant-induced immune responses hinders rational vaccine design and deployment, especially for emerging infectious diseases, or vaccines where antigen sparing (e.g., influenza) is an objective. Adjuvants in vaccines licensed for humans include aluminum salts, oil-in-water emulsions (MF59, AS03), liposomes (AS01), CpG oligonucleotides, and virosomes. While many of these induce strong antibody responses, most of them only weakly provoke Th1 and especially Th17 immunity, which is crucial for defense against intracellular pathogens, e.g., Mycobacterium tuberculosis (1). The use of molecularly defined adjuvants is a key component required for successful development of novel recombinant subunit vaccines. However, despite recent progress (2), to date, such adjuvants for safe and efficient use in humans are still lacking (3).

DDA/TDB [also known as CAF01 (4)] is a next generation synthetic adjuvant. DDA/TDB has been successfully evaluated in phase I clinical studies for vaccination with, e.g., the recombinant M. tuberculosis fusion protein Ag85B-ESAT-6 (H1) (5) and with the recombinant chlamydia protein CTH522 (6). DDA/TDB is a mixture of cationic dimethyldioctadecylammonium (DDA) surfactant lipid-based liposomes containing trehalose-6,6-dibehenate (TDB), the synthetic analog of the mycobacterial cord factor trehalose-6,6-dimycolate (TDM). In contrast to, e.g., aluminum salts and the TLR9-triggering adjuvant CpG, it was shown that DDA/TDB induces strong and long-lasting Th17 memory responses in mice (7–11). TDB and TDM bind to the C-type lectin receptor Mincle (Clec4e) and activate antigen-presenting cells (APC) via the FcRγ-Syk-Card9 pathway (10, 12, 13). Consequently, deletion of the Mincle receptor or the FcRγ-Card9 pathway in mice strongly reduces the Th17 adjuvant activity of TDB (13, 14) and TDM (15). In addition, MyD88-dependent signaling via IL-1R is required for induction of DDA/TDB-mediated generation of vaccine-induced immunity (14). Expression of Mincle is strongly regulated by cytokines, with IL-4 suppressing Mincle messenger RNA (mRNA) and protein levels in mouse and human macrophages (16, 17), whereas tumor necrosis factor (TNF) is essential for the upregulation of Mincle and Th17 adjuvanticity by DDA/TDB (18). In addition to the cord factor analog TDB, other trehalose esters have been explored as Mincle agonists in the search for novel Th17-inducing adjuvants (19–25).

Beyond the definition of innate immune receptors and pathways essential for adjuvant activity, the question of which APC are required for the generation of T-cell responses after immunization is pivotal for rational vaccine design. Current thinking suggests that vaccine immunogenicity depends on direct dendritic cell (DC) targeting and activating capacity of the administered adjuvant. However, following injection of fluorescently labeled DDA/TDB, only a minute fraction of CD11c+ lymph node DC contained antigen/adjuvant and became activated (26). Therefore, whether this exquisite targeting of DC in the lymph node is the major prerequisite for a successful adjuvant remains unclear. Many adjuvant formulations, including the classical human adjuvant aluminum hydroxide cause strong recruitment of innate immune cells to the SOI (27, 28). Surprisingly, aluminum hydroxide has no stimulatory effect on DC in vitro (29). Instead, in vivo experiments revealed that, in the presence of aluminum hydroxide, antigen was taken up by recruited inflammatory monocytes and transported to the dLN. These cells differentiate into inflammatory DC and contribute to adaptive immune responses (29). Subcutaneous immunization with DDA/TDB liposomes in mice causes robust and sustained local swelling and cellular infiltration (10, 13, 14). However, the detailed cellular composition and contribution of the local inflammatory response to successful adjuvanticity are unknown. Here, we investigated the recruitment of APC to the SOI and its dependence on the Mincle receptor and MyD88-signaling and identified CCR2+ monocytes, but not neutrophils, as critical for the induction of Th1/Th17 responses by the DDA/TDB adjuvant in vivo.



Results


The Vaccine Adjuvant DDA/TDB Induces Rapid Influx of Neutrophils and Monocytes

Subcutaneous immunization with recombinant protein delivered in the adjuvant formulation DDA/TDB induced inflammation at the SOI in the footpad, peaking at days 6–7 and coinciding with the appearance of antigen-specific Th1/Th17 cells in the dLN (Figure 1A). We have previously demonstrated that interferon gamma (IFNγ) and interleukin (IL)-17 in this setting is primarily secreted by antigen-specific CD4+ T cells (14). To dissect the cellular mechanisms of the DDA/TDB adjuvant effect, we determined recruitment kinetics of innate and adaptive immune cells to the SOI. For ease of cell isolation, we first performed intra-peritoneal (i.p.) injections and harvested cells by peritoneal lavage. Description and examples of gating strategies for flow cytometry are provided in Supplementary Figure S1A. We found that the cellular influx after injection of DDA/TDB or DDA liposomes peaked after 24 h and was initially composed almost entirely of neutrophils and monocytes, with neutrophils arriving slightly earlier (Figure 1B). Significantly higher numbers of neutrophils were the only TDB-specific effect observed in the first 3 days, whereas monocytes and all other cell populations were recruited equally after injection of DDA liposomes (Figure 1B; Supplementary Figure S1B). NK, B, γδTCR+, CD4+, and CD8+ T cells and DC were detected at later time points and in significantly higher numbers in the DDA/TDB group (Supplementary Figure S1B). Higher numbers of recruited neutrophils at the peak of the inflammatory response to DDA/TDB coincided with enhanced release of granulocyte-colony stimulating factor (G-CSF) and interferon-inducible protein 10 (IP10), whereas IL-6 and monocyte chemoattractant protein-1 (MCP-1) secretion was comparable between DDA and DDA/TDB (Figures 1C, D). Neutrophils and monocytes were also the main cell populations recruited to the SOI upon s.c. footpad immunization, albeit with differing kinetics (Supplementary Figure S1C).




Figure 1 | DDA/TDB induces rapid influx of neutrophils and monocytes to the SOI. (A) Kinetics of footpad swelling and IFNγ and IL-17 secretion after s.c. injection of DDA/TDB/H1. Re-stimulation of pooled cells from popliteal and inguinal lymph nodes. (B) Recruitment kinetics after i.p. injection of DDA (open circles) or DDA/TDB (closed spheres). For gating strategies, see Supplementary Figure S1. Pooled data from eight independent experiments, total n = 5–9 mice per group/time point. (C) IL-6 2 h and (D) G-CSF, IP10, and MCP-1 24 h p.i. in peritoneal lavage; Tris (vehicle control), DDA, or DDA/TDB. Pooled data from four independent experiments, a total of 6–12 mice per group. Significance tested by two-way ANOVA and Bonferroni correction (B) or t-test (C, D). *p < 0.05, **p < 0.01, ***p < 0.001.





Mincle and MyD88 Contribute to Monocyte/Neutrophil Recruitment and Increased Lymph Node Cellularity

Generation of IFNγ- and IL-17-producing T cells after immunization with DDA/TDB as adjuvant was shown to require the C-type lectin receptor Mincle and the TLR/IL-1R adaptor MyD88 (13, 14). We therefore asked whether cell recruitment after immunization is dependent on Mincle and MyD88. We performed flow cytometry analyses of cells isolated from the peritoneum in Mincle−/− or Myd88−/− mice upon DDA/TDB injection and found that the TDB-mediated neutrophil influx was dependent on Mincle and MyD88 signaling, whereas early recruitment of monocytes was not significantly altered by knocking out these pathways (Figure 2A). However, sustained cellular influx at d7 was only observed with DDA/TDB (Figure 1B) and required Mincle and MyD88 (Figure 2A). In line with this, pro-inflammatory mediators were reduced in the absence of Mincle or MyD88 at the later phase of the inflammatory response (Figure 2B). Similar observations of dependence on Mincle and MyD88 were made after s.c. footpad immunization, although the overall kinetics (peak 24 h lavage vs. 6–7 days footpad) differed between the routes of immunization (Figure 2C). Furthermore, the size of the draining popliteal lymph node increased rapidly after injection of DDA/TDB, with an approximately 5-fold increase in total cell number during the first 24 h and more than 10-fold after 3 days p.i. (Figure 2D). The initial increase was Mincle independent but required MyD88, whereas 3 days p.i. cell numbers were significantly reduced in the absence of both Mincle and MyD88 (Figure 2D). Seven days p.i., when antigen-specific CD4+ T cells can be reliably detected, we found substantially increased cell numbers in popliteal and inguinal lymph nodes; this was again dependent on Mincle and MyD88, with a similar reduction in CD4+ and CD8+ T cells and B cells (Figure 2E).




Figure 2 | Mincle- and MyD88-dependent pathways contribute to local monocyte and neutrophil recruitment and increased lymph node cellularity. (A) Cell numbers at d1 and d7 and (B) chemokines in peritonal lavage 7 days post-DDA/TDB i.p. Pooled data from five independent experiments with a total of n=6–10 mice per group and time point. (C) Cellular influx after NBD-DDA/TDB s.c. footpad immunization. Pooled data from seven independent experiments with a total of n=6–9 mice per group/time point. n, naive C57BL/6 control. (D) Numbers of cells isolated from popliteal lymph nodes 1 and 3 days p.i., s.c. footpad immunization with NBD-DDA/TDB. Pooled data from two independent experiments with a total of five to six mice per group/time point. (E) Cell numbers in pooled popliteal and inguinal lymph nodes 7 days p.i. All data presented as mean+SD. Significance tested by one-way ANOVA for each time point and Dunnett’s post-test with immunized C57BL/6 as control group. *p < 0.05, **p < 0.01, ***p < 0.001. For gating, see Supplementary Figure S1.





Acquisition of Adjuvant by dLN APC

Even though neutrophils and monocytes were the main cell populations recruited to the SOI (Supplementary Figure S1C), their numbers in the dLN were quite low and only reduced in Myd88−/− mice at 24 h p.i. (Supplementary Figure S2A). Numbers of DC did not significantly differ between the immunized groups, whereas the increase in macrophages required MyD88 (Supplementary Figure S2A). To visualize the cellular uptake and fate of the vaccine, we injected 7-nitrobenzo-2-oxa-1,3-diazole (NBD) fluorescently labeled DDA/TDB in the footpad and analyzed the cells in the dLN by flow cytometry (Supplementary Figure S2B). Our data revealed no differences in the numbers of NBD-DDA/TDB-positive total cells, neutrophils, monocytes, or DC in wild type, Mincle−/−, and Myd88−/− mice (Supplementary Figure S2B). Thus, we conclude that the adjuvant was detected in a small proportion of APC in the dLN independent of Mincle or MyD88, arguing against differences in transport as an explanation for the Mincle and MyD88 dependence of adjuvant activity.



Depletion of Monocytes, but Not of Neutrophils, Abrogates Adjuvant Effect of DDA/TDB

Since neutrophils and monocytes were the main cell types at the SOI, we asked whether they were essential for the generation of antigen-specific T-cell responses upon vaccination. Many studies have used an anti-Gr-1 antibody (clone RB6-8C5) to deplete neutrophils. However, this clone recognizes not only the neutrophil-specific Ly6G but also Ly6C, which is more widely expressed, including monocytes, several DC subsets, and activated T cells (30, 31). Thus, we used the Ly6G-specific antibody 1A8 for specific depletion of neutrophils (31). CCR2 is expressed highly on inflammatory Ly6Chi monocytes, and we employed the CCR2-specific antibody MC-21 to selectively deplete monocytes (32–34). Despite efficient reduction in neutrophils (Supplementary Figures S3A, B), the Ly6G-specific antibody 1A8 did not impair Th1/Th17 cell generation (Figure 3); in two out of three independent experiments, IFNγ and IL-17 secretion was even increased if neutrophils were depleted. Depletion of monocytes with MC-21 can only be achieved for up to 5 days (33); thus, we observed strongly reduced numbers of monocytes in blood, footpad, and lymph node 24 h but not 7 days p.i. (Supplementary Figures S3B, C). Nevertheless, depletion of monocytes with the CCR2-specific MC-21 antibody resulted in a strong reduction in antigen-specific Th1/Th17 T cell generation (Figure 3).




Figure 3 | Effect of antibody-mediated depletion of monocytes or neutrophils on adjuvanticity of DDA/TDB. Antigen-specific IFNγ and IL-17 secretion of pooled cells from popliteal and inguinal lymph nodes 7 days p.i.; DDA/TDB/H1 s.c. footpad. Depletion with monoclonal antibodies MC-21 (monocytes) or 1A8 (neutrophils); isotype control (rat IgG2bκ). Mean+SD of 1 of the three representative experiments with five mice/group. Significance tested by one-way ANOVA and Dunnett’s post-test with isotype as control group; *p < 0.05 and **p < 0.01.





Genetically Deficient Mice Confirm Essential Role of Monocytes but not Neutrophils

In addition to antibody-mediated depletion, we used transgenic mouse models to determine the contribution of neutrophils and monocytes to the adjuvant effect of DDA/TDB. Conditional Mcl-1 knockout mice deleting the gene in myeloid cells lack granulocytes but have normal numbers of monocytes (35). When we immunized Mcl1flox/flox; LysM-Cre+ mice, we found slightly reduced footpad swelling, but comparable IFNγ and IL-17 responses as in control mice (Figure 4A), corroborating that neutrophils are dispensable for Th1/Th17 adjuvanticity. Emigration of Ly6Chi monocytes from the bone marrow requires CCR2, and Ccr2−/− mice therefore lack inflammatory monocytes in the peripheral blood (36). To further test the importance of monocyte recruitment for the adjuvant effect of DDA/TDB, we therefore immunized Ccr2−/− mice. The generation of antigen-specific Th1, and even more so Th17, responses was severely reduced in Ccr2−/− mice (Figure 4B). Prime-boost immunizations confirmed the non-redundant role of CCR2 for generation of antigen-specific Th1/Th17 cells (Figure 4C). We found that T cells from Ccr2−/− mice did not have a general defect in IL-17/IFNγ production, since they secreted comparable amounts of these cytokines after polyclonal in vitro stimulation (Supplementary Figure S4A). Furthermore, Ccr2−/− bone marrow-derived macrophages and DC were equally responsive to glycolipid stimulation (Supplementary Figure S4B), arguing against differences in general APC activation as an explanation for the CCR2 dependence of DDA/TDB adjuvanticity. We also used the TLR9 ligand CpG ODN 1826 as adjuvant for immunization with H1, since this soluble adjuvant freely drains to the lymphatic system. Immunization with CpG did not cause footpad swelling or local cell recruitment (Supplementary Figure S4C) and fails to trigger a Th17 response (10). However, the Th1 response induced by CpG ODN 1826 was not significantly reduced in the absence of CCR2 (Figure 4B). Together, the results from antibody-mediated depletion and knockout mice showed that CCR2-dependent monocytes were specifically required for the DDA/TDB-mediated induction of Th1/Th17 responses.




Figure 4 | Effect of genetic depletion of neutrophils or CCR2 on adjuvanticity of DDA/TDB. (A) Footpad swelling and IFNγ and IL-17 secretion from popliteal lymph nodes of Mcl1-deficient and Mcl1+/+; LysM-Cre+ control mice 7 days after DDA/TDB/H1 s.c. footpad immunization. N=7/9, pooled from two independent experiments. (B, C) Cell counts, IFNγ, and IL-17 secretion from pooled popliteal and inguinal lymph nodes of C57BL/6 or Ccr2−/− mice (B) 7 days post footpad or (C) 28 days post s.c. base of tail immunization (2´ 14-day interval). Pooled data from two independent experiments each with a total of n=10 mice per group. Cytokine secretion normalized to immunized control mice; all data presented as mean+SD. Significance tested by t-test; *p < 0.05 and ***p < 0.001. (D) Numbers of total cells and monocytes and (E) of adjuvant+ total cells and DC, in popliteal lymph nodes 1 and 3 days p.i., s.c. footpad immunization with NBD-DDA/TDB. Pooled data from two independent experiments with a total of five to six mice per group/time point. All data presented as mean+SD. Significance tested by one-way ANOVA and Dunnett’s post-test with immunized C57BL/6 as control group; *p < 0.05, **p < 0.01, and ***p < 0.001. For gating, see Supplementary Figure S1.



After immunization of Ccr2−/− mice the number of monocytes in the dLN was, as expected, severely reduced (Figure 4D). However, this lack of monocytes did not prevent the robust increase in total dLN cell numbers (Figure 4D), APC, or lymphocytes (Supplementary Figure S5). The number of adjuvant-containing total cells, including DC, in the dLN was also not affected in Ccr2−/− mice, suggesting that monocytes are not limiting for transfer of the antigen/adjuvant-containing liposomes to the dLN APC (Figure 4E). Together, although induction of Th1/Th17 immunity required signaling via Mincle and MyD88, and CCR2-dependent monocytes, genetic abrogation of these players did not impair transport of adjuvant to dLN DC.




Discussion

The new generation synthetic glycolipid adjuvant DDA/TDB induces robust and persistent Th1/Th17 responses in animal models (9, 10, 14, 37) and promotes long-lived T-cell responses to the MTB fusion protein H1 in humans (5). In this manuscript, we have investigated the cellular recruitment to the injection site, the signaling mechanisms required, and the functional role of the most abundantly recruited cell types. Neutrophils and monocytes formed the major component of the cellular infiltrate and were recruited in a partially Mincle- and MyD88-dependent manner. The major finding of this study is the identification of a pivotal function of CCR2+ monocytes in the promotion of Th1/Th17-biased antigen-specific immunity by DDA/TDB. This requirement for monocytes was selective for DDA/TDB, as the Th1-inducing effect of the TLR9 ligand CpG ODN was not affected in Ccr2−/− mice. Neutrophils, although being the most abundantly recruited cell type after DDA/TDB injection, were dispensable for adjuvanticity, as shown by antibody-mediated depletion and confirmed in neutrophil-deficient Mcl-1 conditional knockout mice. Thus, our results show a dichotomy in the functional roles of monocytes and neutrophils, with implications for future adjuvant optimization and investigations of cellular and molecular mechanisms.

Neutrophils can contribute to the development of adaptive immune responses by release of chemokines and cytokines attracting monocytes and DC and by the transport of antigen or whole microorganisms to lymphoid tissues (38, 39). However, strong neutrophil infiltration can also be associated with more severe side effects after vaccination, ranging from pain at the injection site to severe tissue damage (40). Therefore, our finding that a lack of neutrophils did not hinder the adjuvant effect of DDA/TDB implies the possibility of reducing unwanted inflammation due to granulocyte infiltration by developing and selecting adjuvants with a selective targeting of monocytes. On the other hand, the tendency for stronger Th1/Th17 induction observed here in mice depleted of neutrophils with 1A8 antibody (Figure 3) may indicate a negative regulatory effect of neutrophils, consistent with triggering of IL-10 release by the cord factor analog TDB (41) or the previously described chemokine binding and degrading function of neutrophil extracellular traps (42).

CCR2-dependent monocyte recruitment plays an essential role in the control of several bacterial and fungal infections by inducing protective immune responses (43–49). In addition, Ccr2−/− mice show diminished IFNγ responses upon immunization with Complete Freund’s Adjuvant (43), whose activity is partially due to the TDM of the killed mycobacteria and, similar to TDB, mediated by Mincle-Card9- and IL1R-MyD88-dependent signaling (15). In contrast, soluble CpG ODN-induced generation of Th1 cells was not affected by CCR2 deficiency (Figure 4). This differential requirement is consistent with a crucial role for monocytes in promoting the response to particulate vaccines in the dLN, where they may present antigen to T cells directly, transfer the antigen to DC, or create the appropriate cytokine milieu through release of soluble mediators.

Whether monocytes can directly prime naive T-cell responses is debated. Following immunization with aluminum hydroxide as adjuvant, monocytes recruited to the SOI take up antigen and differentiate to monocyte-derived DC (moDC) during their migration to the dLN (29). During infection with Leishmania major, moDC controls the induction of protective Th1 responses (50). Recruited monocytes differentiate into moDC and migrate to the dLN, and only these moDCs capture and present L. major-derived antigens. On the other hand, evidence against direct priming capabilities of moDC has been reported using a yeast vaccine strain expressing a model antigen (51). Despite association of yeast and moDC, peptide:MHCII complexes could not be detected on these cells. Instead, the material had to be transferred to LN-resident DC or migratory skin-derived DC, which were essential for priming of naive T cells (51). During infection with M. tuberculosis, inflammatory monocytes were necessary for CD4+ T-cell priming because they transported bacteria to the dLN. However, by transferring MHCII-deficient monocytes into monocyte-depleted hosts, it was shown that only conventional DC (cDC) were able to induce antigen-specific CD4+ T-cell proliferation (52). Recently, Bosteels et al. described that cDC2 in inflammatory conditions acquire a phenotype sharing characteristics with moDC (e.g., expression of CD64) and termed these cells inf-cDC2 (53). Mixed bone marrow chimeras showed that CCR2 was required for the presence of inf-cDC2 in the lungs after respiratory virus infection (53) and in the draining lymph nodes after immunization with the adjuvant AS01 (54).

In our experimental system, flow cytometry revealed no differences in cellular composition of the dLN of Ccr2−/− mice (except for the monocytes), and the numbers of adjuvant-positive cells were comparable. Thus, DDA/TDB adjuvant is targeted equally well to APC in the dLN in the absence of monocytes. Therefore, the essential function of the monocytes recruited to the SOI and the dLN may be to provide cytokines and mediators acting as signal 3 to direct the T-cell response in the dLN towards Th1/Th17. Candidates to be tested in future experiments include IL-1, shown by us and others to direct Th1/Th17 induction by DDA/TDB (14, 15), and IL-6, which is produced by human monocytes and important for Th17 differentiation (55).

The rapid and striking increase in cell numbers in the dLN following DDA/TDB administration is likely due to trapping of cells rather than to proliferation. A shutdown phase, leading to a dramatic reduction in efferent cell output, has been described (56) and shown to be mediated by TNFα and IL-6 (57). We detected IL-6 release already 2 h p.i. in peritoneal lavage fluids. In addition, IFNα/β-mediated upregulation of CD69 on T cells contributes to their retention within lymphoid organs (58); however, we have not addressed induction of type I interferon upon immunization here. Trapping of cells in the dLN maximizes the number of naive antigen-specific T cells available for encounter with antigen-loaded APC. Cell trapping was a MyD88-dependent effect predominantly induced by DDA during the first 24 h, whereas a further Mincle- and MyD88-dependent increase in cell numbers at d3 p.i. was only observed when TDB is incorporated into the liposomes. Remarkably, CCR2 deficiency had no effect on lymph node cellularity following a single immunization with DDA/TDB, indicating that the factors mediating lymph node shutdown are produced independently of monocytes and are insufficient to direct Th1/Th17 responses.

In conclusion, our study provides evidence that Th17 immunity induced by a Mincle-targeting adjuvant depends on the recruitment of CCR2+ inflammatory monocytes. In contrast, the abundantly and rapidly recruited neutrophils were completely dispensable for the adjuvant effect. How exactly the monocytes promote Th1/Th17 generation remains to be elucidated. Since the Mincle- and MyD88-dependent increase in lymph node cellularity and the appearance of vaccine-containing APC in the draining lymph node were not compromised in CCR2-deficient mice, the contribution of monocytes may consist in the activation of APC or provision of signal 3 to T cells.



Materials and Methods


Ethics Statement

All procedures were discussed with and approved by the animal protection committee of the regional Bavarian government (Regierung von Mittelfranken animal protocol numbers 54-2532.1-12/09 and -39/13) according to the German animal protection law and the Institutional Animal Care and Use Committee of St. Jude Children’s Research Hospital (#267).



Mice and Immunization

Myd88−/− mice were used with permission of Dr. S. Akira (34), Mincle−/− mice have been described (59) and were used with permission by the Consortium for Functional Glycomics. Ccr2−/− mice were obtained from Jackson Laboratories. C57BL/6, Mincle−/−, Myd88−/−, and Ccr2−/− mice were bred at the animal facility of the Medical Faculty in Erlangen. Mcl-1flox/flox;LysM-Cre conditional knockout mice were bred and immunized at St. Jude Children’s Research Hospital. For some experiments, C57BL/6 mice were purchased from Charles River. Liposomes and recombinant H1 were provided by the Statens Serum Institut. Adjuvant formulations were prepared as described (10). Mice were injected with 100 µl i.p. or 2 × 50 µl liposomes or 10 nmol CpG 1826 s.c. into the hind footpads. Two micrograms of H1 was only added if antigen-specific re-stimulation was performed. In some experiments, 7-nitrobenzo-2-oxa-1,3-diazole (NBD)-fluorescently labeled liposomes were injected in order to visualize the adjuvant.



Generation and Stimulation of Macrophages and DC

Bone marrow cells were cultured on Petri dishes for 8 days in Roswell Park Memorial Institute (RPMI) containing 10% X63 (BM-DC) or for 6 days in complete Dulbecco’s modified Eagle’s medium (cDMEM) containing 10% L929 (BMM) cell-conditioned medium. Stimulation is indicated with plate-coated TDB, TDM (10), or LPS. TNFα or G-CSF release was determined by ELISA (R&D Systems).



Antigen-Specific Re-Stimulation

Lymph nodes were meshed through a 100-µm nylon sieve and 5 × 105 cells re-stimulated with 10 µg/ml of H1 protein for 96 h. Supernatants were analyzed for IFNγ and IL-17 production by ELISA (R&D Systems, Minneapolis, USA). Background (unstimulated cells) was subtracted.



Cell Isolation and Flow Cytometry

For peritoneal lavage, 2 ml of cold phosphate-buffered saline (PBS)/0.2% bovine serum albumin (BSA) was injected i.p., and the cell suspension was carefully aspirated and counted to determine the number of cells in the peritoneum. Cells were centrifuged, supernatant was collected for the determination of chemokines by ELISA (R&D Systems), and cells were stained for fluorescence-activated cell sorting (FACS) analysis. Cells from inflamed feet were isolated using a GentleMACS dissociator (Miltenyi, Bergisch-Gladbach, Germany) according to manufacturers’ protocol for splenocytes and counted. Cells were stained with fluorochrome-conjugated antibodies against B220, CD3, CD4, CD8, CD11b, CD11c, F4/80, γδTCR, Gr-1, Ly6C, Ly6G, MHC class II, NK1.1, or PDCA (BioLegend or eBioscience, San Diego, CA, USA). Examples of gating strategies are depicted in Supplementary Figure S1A. Non-specific binding of antibodies was blocked by 15 min incubation of cells with Fc-receptor blocking antibody. Data were recorded on a FACSCanto™ II and analyzed with FACSDiva™ 6.1 (BD Biosciences, Heidelberg, Germany). Results are presented in absolute numbers of cells calculated using the cell counts after isolation and the percentage of each respective gated cell subset.



Cell Depletion

For neutrophil depletion, 100 µg of Ly6G-specific antibody 1A8 (Bio X Cell, Lebanon, NH, USA) was injected i.p. in 48-h interval starting 24 h prior to vaccination. Monocytes were depleted using 10 µg of CCR2-specific MC-21 antibody i.p. every 24 h starting 1 h prior to vaccination (33); 10 µg of the isotype control LEAFTM purified rat IgG2bk (BioLegend) was injected i.p. daily.
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Supplementary Figure 1 | Gating strategies for flow cytometry. (A) Boolean gating strategies used: Neutrophils G1&P1&P2 (CD11b+MHCII-Ly6C+Ly6G+, blue) and monocytes G1&P3&P4 (CD11b+Ly6C+Ly6G-, red); macrophages: G1&P5 (F4/80++CD11b++); DC: G1&P6&P7 (F4/80-CD11c+MHCII+); B cells: G2&P8 (B220+ cells in leukocyte gate); CD4 T cells: G2&P9 (CD4+ cells in leukocyte gate); CD8 T cells: G2&P10 (CD8+ cells in leukocyte gate); NK cells: G2&P11 (NK1.1+ cells in leukocyte gate); γδTCR+ cells: G2&P12 (γδTCR+ cells in leukocyte gate); eosinophils: G3&P13 (Ly6Clow expressing SSC++ cells) and pDC: G1&P15&P14 (CD11b-PDCA+CD11c+ cells). (B) Recruitment kinetics for cell populations analyzed from peritoneal lavage, DDA: open circles, DDA/TDB: closed spheres. Pooled data from 8 independent experiments, n= 5-9 mice per group/time point, cell numbers shown as mean+SD. 2-way ANOVA and Bonferroni correction; p<0.05=*, p<0.01=**, p<0.001=***. (C) Cell recruitment footpad; injection of NBD-DDA/TDB. Pooled data from 7 independent experiments with total n=5-9 mice per group and time point. Data presented as mean+SD. Significance tested by 1-way ANOVA and Dunnett’s posttest (day 0 as control group).

  
Supplementary Figure 2 | APC numbers and acquisition of adjuvant in the dLN. (A) Numbers of APC in popliteal lymph nodes 1d and 3d after s.c. footpad immunization with NBD-DDA/TDB. (B) Numbers of adjuvant-positive APC; popliteal lymph nodes 1d and 3d p.i. Pooled data from 5 independent experiments.

  
Supplementary Figure 3 | Depletion efficacy of MC-21 (monocytes) or 1A8 (neutrophils). (A) Gating strategies for monocytes: P1&P3 (CD11b+Ly6C+Gr-1int) and neutrophils: P1&P2 (CD11b+Ly6C+Gr-1high) and dot plot examples. (B) Percentages in blood, pooled popliteal and inguinal lymph nodes or cells isolated from the footpad 7d p.i.; 5 mice per group. One of two experiments shown. (C) % monocytes and % neutrophils (D) in blood, popliteal lymph nodes or cells isolated from the footpad 24h p.i.; 3 mice per group, one experiment. Data presented as mean+SD; 1-way ANOVA and Dunnett’s post test (isotype as control group) p<0.05=*, p<0.01=**, p<0.001=***.

  
Supplementary Figure 4 | CCR2−/− do not have a general defect in Th1/Th17 response generation. (A) IFNγ and IL-17 secretion after 48h polyclonal αCD3/αCD28 stimulation (5µg/ml) of 5x105 splenocytes. Mean+SD; 2 mice per group, 1 of 2 representative. (B) TNF-α (bone marrow-derived macrophages) and G-CSF (bone marrow-derived DC) secretion after 48h stimulation with 100ng/ml LPS, 1.25µg/ml or 2.5µg/ml TDB or 1.25µg/ml TDM. Mean+SD from triplicates; 2.5x105 cells; 1 of 2 representative. (A, B) C57BL/6 (white bars), Ccr2−/− (black bars). (C) Footpad swelling and cell counts from feet 7d post footpad immunization with DDA/TDB/H1 or CpG/H1.

  
Supplementary Figure 5 | Cellular composition of the dLN is not altered in the absence of CCR2. Numbers of cells isolated from popliteal lymph nodes 1d and 3d after footpad immunization with NBD-DDA/TDB. Pooled data from 2 independent experiments with a total of 5-6 mice per group/time point. Significance tested by t-test.



References

1. Khader, SA, Bell, GK, Pearl, JE, Fountain, JJ, Rangel-Moreno, J, Cilley, GE, et al. IL-23 and IL-17 in the Establishment of Protective Pulmonary CD4(+) T Cell Responses After Vaccination and During Mycobacterium Tuberculosis Challenge. Nat Immunol (2007) 8:369–77. doi: 10.1038/ni1449

2. Olafsdottir, TA, Lindqvist, M, Nookaew, I, Andersen, P, Maertzdorf, J, Persson, J, et al. Comparative Systems Analyses Reveal Molecular Signatures of Clinically Tested Vaccine Adjuvants. Sci Rep (2016) 6:39097. doi: 10.1038/srep39097

3. Delany, I, Rappuoli, R, and De Gregorio, E. Vaccines for the 21st Century. EMBO Mol Med (2014) 6:708–20. doi: 10.1002/emmm.201403876

4. Pedersen, GK, Andersen, P, and Christensen, D. Immunocorrelates of CAF Family Adjuvants. Semin Immunol (2018) 39:4–13. doi: 10.1016/j.smim.2018.10.003

5. van Dissel, JT, Joosten, SA, Hoff, ST, Soonawala, D, Prins, C, Hokey, DA, et al. A Novel Liposomal Adjuvant System, CAF01, Promotes Long-Lived Mycobacterium Tuberculosis-Specific T-Cell Responses in Human. Vaccine (2014) 32:7098–107. doi: 10.1016/j.vaccine.2014.10.036

6. Abraham, S, Juel, HB, Bang, P, Cheeseman, HM, Dohn, RB, Cole, T, et al. Safety and Immunogenicity of the Chlamydia Vaccine Candidate CTH522 Adjuvanted With CAF01 Liposomes or Aluminium Hydroxide: A First-in-Human, Randomised, Double-Blind, Placebo-Controlled, Phase 1 Trial. Lancet Infect Dis (2019) 19:1091–100. doi: 10.1016/S1473-3099(19)30279-8

7. Davidsen, J, Rosenkrands, I, Christensen, D, Vangala, A, Kirby, D, Perrie, Y, et al. Characterization of Cationic Liposomes Based on Dimethyldioctadecylammonium and Synthetic Cord Factor From M. Tuberculosis (Trehalose 6,6'-Dibehenate)-a Novel Adjuvant Inducing Both Strong CMI and Antibody Responses. Biochim Biophys Acta (2005) 1718:22–31. doi: 10.1016/j.bbamem.2005.10.011

8. Lindenstrom, T, Aagaard, C, Christensen, D, Agger, EM, and Andersen, P. High-Frequency Vaccine-Induced CD8(+) T Cells Specific for an Epitope Naturally Processed During Infection With Mycobacterium Tuberculosis do Not Confer Protection. Eur J Immunol (2014) 44:1699–709. doi: 10.1002/eji.201344358

9. Lindenstrom, T, Agger, EM, Korsholm, KS, Darrah, PA, Aagaard, C, Seder, RA, et al. Tuberculosis Subunit Vaccination Provides Long-Term Protective Immunity Characterized by Multifunctional CD4 Memory T Cells. J Immunol (2009) 182:8047–55. doi: 10.4049/jimmunol.0801592

10. Werninghaus, K, Babiak, A, Gross, O, Holscher, C, Dietrich, H, Agger, EM, et al. Adjuvanticity of a Synthetic Cord Factor Analogue for Subunit Mycobacterium Tuberculosis Vaccination Requires FcRgamma-Syk-Card9-Dependent Innate Immune Activation. J Exp Med (2009) 206:89–97. doi: 10.1084/jem.20081445

11. Knudsen, NP, Olsen, A, Buonsanti, C, Follmann, F, Zhang, Y, Coler, RN, et al. Different Human Vaccine Adjuvants Promote Distinct Antigen-Independent Immunological Signatures Tailored to Different Pathogens. Sci Rep (2016) 6:19570. doi: 10.1038/srep19570

12. Ishikawa, E, Ishikawa, T, Morita, YS, Toyonaga, K, Yamada, H, Takeuchi, O, et al. Direct Recognition of the Mycobacterial Glycolipid, Trehalose Dimycolate, by C-Type Lectin Mincle. J Exp Med (2009) 206:2879–88. doi: 10.1084/jem.20091750

13. Schoenen, H, Bodendorfer, B, Hitchens, K, Manzanero, S, Werninghaus, K, Nimmerjahn, F, et al. Cutting Edge: Mincle Is Essential for Recognition and Adjuvanticity of the Mycobacterial Cord Factor and Its Synthetic Analog Trehalose-Dibehenate. J Immunol (2010) 184:2756–60. doi: 10.4049/jimmunol.0904013

14. Desel, C, Werninghaus, K, Ritter, M, Jozefowski, K, Wenzel, J, Russkamp, N, et al. The Mincle-Activating Adjuvant TDB Induces MyD88-Dependent Th1 and Th17 Responses Through IL-1R Signaling. PloS One (2013) 8:e53531. doi: 10.1371/journal.pone.0053531

15. Shenderov, K, Barber, DL, Mayer-Barber, KD, Gurcha, SS, Jankovic, D, Feng, CG, et al. Cord Factor and Peptidoglycan Recapitulate the Th17-Promoting Adjuvant Activity of Mycobacteria Through Mincle/CARD9 Signaling and the Inflammasome. J Immunol (2013) 190:5722–30. doi: 10.4049/jimmunol.1203343

16. Hupfer, T, Schick, J, Jozefowski, K, Voehringer, D, Ostrop, J, and Lang, R. Stat6-Dependent Inhibition of Mincle Expression in Mouse and Human Antigen-Presenting Cells by the Th2 Cytokine IL-4. Front Immunol (2016) 7:423. doi: 10.3389/fimmu.2016.00423

17. Ostrop, J, Jozefowski, K, Zimmermann, S, Hofmann, K, Strasser, E, Lepenies, B, et al. Contribution of MINCLE-SYK Signaling to Activation of Primary Human APCs by Mycobacterial Cord Factor and the Novel Adjuvant TDB. J Immunol (2015) 195:2417–28. doi: 10.4049/jimmunol.1500102

18. Schick, J, Schafer, J, Alexander, C, Dichtl, S, Murray, PJ, Christensen, D, et al. Cutting Edge: TNF Is Essential for Mycobacteria-Induced MINCLE Expression, Macrophage Activation, and Th17 Adjuvanticity. J Immunol (2020) 205:323–8. doi: 10.4049/jimmunol.2000420

19. Decout, A, Silva-Gomes, S, Drocourt, D, Barbe, S, Andre, I, Cueto, FJ, et al. Rational Design of Adjuvants Targeting the C-Type Lectin Mincle. Proc Natl Acad Sci USA (2017) 114:2675–80. doi: 10.1073/pnas.1612421114

20. Rasheed, OK, Ettenger, G, Buhl, C, Child, R, Miller, SM, Evans, JT, et al. 6,6'-Aryl Trehalose Analogs as Potential Mincle Ligands. Bioorg Med Chem (2020) 28:115564. doi: 10.1016/j.bmc.2020.115564

21. Ryter, KT, Ettenger, G, Rasheed, OK, Buhl, C, Child, R, Miller, SM, et al. Aryl Trehalose Derivatives as Vaccine Adjuvants for Mycobacterium Tuberculosis. J Med Chem (2020) 63:309–20. doi: 10.1021/acs.jmedchem.9b01598

22. Bird, JH, Khan, AA, Nishimura, N, Yamasaki, S, Timmer, MSM, and Stocker, BL. Synthesis of Branched Trehalose Glycolipids and Their Mincle Agonist Activity. J Org Chem (2018) 83:7593–605. doi: 10.1021/acs.joc.7b03269

23. Dangerfield, EM, Lynch, AT, Kodar, K, Stocker, BL, and Timmer, MSM. Amide-Linked Brartemicin Glycolipids Exhibit Mincle-Mediated Agonist Activity in vitro. Carbohydr Res (2021) 511:108461. doi: 10.1016/j.carres.2021.108461

24. Huber, A, Kallerup, RS, Korsholm, KS, Franzyk, H, Lepenies, B, Christensen, D, et al. Trehalose Diester Glycolipids Are Superior to the Monoesters in Binding to Mincle, Activation of Macrophages In Vitro and Adjuvant Activity In Vivo. Innate Immun (2016) 22:405–18. doi: 10.1177/1753425916651132

25. Tima, HG, Al Dulayymi, JR, Denis, O, Lehebel, P, Baols, KS, Mohammed, MO, et al. Inflammatory Properties and Adjuvant Potential of Synthetic Glycolipids Homologous to Mycolate Esters of the Cell Wall of Mycobacterium Tuberculosis. J Innate Immun (2017) 9:162–80. doi: 10.1159/000450955

26. Kamath, AT, Valenti, MP, Rochat, AF, Agger, EM, Lingnau, K, von Gabain, A, et al. Protective Anti-Mycobacterial T Cell Responses Through Exquisite In Vivo Activation of Vaccine-Targeted Dendritic Cells. Eur J Immunol (2008) 38:1247–56. doi: 10.1002/eji.200737889

27. Caproni, E, Tritto, E, Cortese, M, Muzzi, A, Mosca, F, Monaci, E, et al. MF59 and Pam3CSK4 Boost Adaptive Responses to Influenza Subunit Vaccine Through an IFN Type I-Independent Mechanism of Action. J Immunol (2012) 188:3088–98. doi: 10.4049/jimmunol.1101764

28. Mosca, F, Tritto, E, Muzzi, A, Monaci, E, Bagnoli, F, Iavarone, C, et al. Molecular and Cellular Signatures of Human Vaccine Adjuvants. Proc Natl Acad Sci USA (2008) 105:10501–6. doi: 10.1073/pnas.0804699105

29. Kool, M, Soullie, T, van Nimwegen, M, Willart, MA, Muskens, F, Jung, S, et al. Alum Adjuvant Boosts Adaptive Immunity by Inducing Uric Acid and Activating Inflammatory Dendritic Cells. J Exp Med (2008) 205:869–82. doi: 10.1084/jem.20071087

30. Carr, KD, Sieve, AN, Indramohan, M, Break, TJ, Lee, S, and Berg, RE. Specific Depletion Reveals a Novel Role for Neutrophil-Mediated Protection in the Liver During Listeria Monocytogenes Infection. Eur J Immunol (2011) 41:2666–76. doi: 10.1002/eji.201041363

31. Daley, JM, Thomay, AA, Connolly, MD, Reichner, JS, and Albina, JE. Use of Ly6G-Specific Monoclonal Antibody to Deplete Neutrophils in Mice. J Leukoc Biol (2008) 83:64–70. doi: 10.1189/jlb.0407247

32. Biswas, A, Bruder, D, Wolf, SA, Jeron, A, Mack, M, Heimesaat, MM, et al. Ly6Chigh Monocytes Control Cerebral Toxoplasmosis. J Immunol (2015) 194:3223–35. doi: 10.4049/jimmunol.1402037

33. Bruhl, H, Cihak, J, Plachy, J, Kunz-Schughart, L, Niedermeier, M, Denzel, A, et al. Targeting of Gr-1+,CCR2+ Monocytes in Collagen-Induced Arthritis. Arthritis Rheum (2007) 56:2975–85. doi: 10.1002/art.22854

34. Mack, M, Cihak, J, Simonis, C, Luckow, B, Proudfoot, AE, Plachy, J, et al. Expression and Characterization of the Chemokine Receptors CCR2 and CCR5 in Mice. J Immunol (2001) 166:4697–704. doi: 10.4049/jimmunol.166.7.4697

35. Steimer, DA, Boyd, K, Takeuchi, O, Fisher, JK, Zambetti, GP, and Opferman, JT. Selective Roles for Antiapoptotic MCL-1 During Granulocyte Development and Macrophage Effector Function. Blood (2009) 113:2805–15. doi: 10.1182/blood-2008-05-159145

36. Serbina, NV, and Pamer, EG. Monocyte Emigration From Bone Marrow During Bacterial Infection Requires Signals Mediated by Chemokine Receptor CCR2. Nat Immunol (2006) 7:311–7. doi: 10.1038/ni1309

37. Lindenstrom, T, Woodworth, J, Dietrich, J, Aagaard, C, Andersen, P, and Agger, EM. Vaccine-Induced Th17 Cells Are Maintained Long-Term Postvaccination as a Distinct and Phenotypically Stable Memory Subset. Infect Immun (2012) 80:3533–44. doi: 10.1128/IAI.00550-12

38. Abadie, V, Badell, E, Douillard, P, Ensergueix, D, Leenen, PJ, Tanguy, M, et al. Neutrophils Rapidly Migrate via Lymphatics After Mycobacterium Bovis BCG Intradermal Vaccination and Shuttle Live Bacilli to the Draining Lymph Nodes. Blood (2005) 106:1843–50. doi: 10.1182/blood-2005-03-1281

39. Bonneau, M, Epardaud, M, Payot, F, Niborski, V, Thoulouze, MI, Bernex, F, et al. Migratory Monocytes and Granulocytes Are Major Lymphatic Carriers of Salmonella From Tissue to Draining Lymph Node. J Leukoc Biol (2006) 79:268–76. doi: 10.1189/jlb.0605288

40. Cruz, A, Fraga, AG, Fountain, JJ, Rangel-Moreno, J, Torrado, E, Saraiva, M, et al. Pathological Role of Interleukin 17 in Mice Subjected to Repeated BCG Vaccination After Infection With Mycobacterium Tuberculosis. J Exp Med (2010) 207:1609–16. doi: 10.1084/jem.20100265

41. Zhang, X, Majlessi, L, Deriaud, E, Leclerc, C, and Lo-Man, R. Coactivation of Syk Kinase and MyD88 Adaptor Protein Pathways by Bacteria Promotes Regulatory Properties of Neutrophils. Immunity (2009) 31:761–71. doi: 10.1016/j.immuni.2009.09.016

42. Schauer, C, Janko, C, Munoz, LE, Zhao, Y, Kienhofer, D, Frey, B, et al. Aggregated Neutrophil Extracellular Traps Limit Inflammation by Degrading Cytokines and Chemokines. Nat Med (2014) 20:511–7. doi: 10.1038/nm.3547

43. Hohl, TM, Rivera, A, Lipuma, L, Gallegos, A, Shi, C, Mack, M, et al. Inflammatory Monocytes Facilitate Adaptive CD4 T Cell Responses During Respiratory Fungal Infection. Cell Host Microbe (2009) 6:470–81. doi: 10.1016/j.chom.2009.10.007

44. Kurihara, T, Warr, G, Loy, J, and Bravo, R. Defects in Macrophage Recruitment and Host Defense in Mice Lacking the CCR2 Chemokine Receptor. J Exp Med (1997) 186:1757–62. doi: 10.1084/jem.186.10.1757

45. Peters, W, Scott, HM, Chambers, HF, Flynn, JL, Charo, IF, and Ernst, JD. Chemokine Receptor 2 Serves an Early and Essential Role in Resistance to Mycobacterium Tuberculosis. Proc Natl Acad Sci USA (2001) 98:7958–63. doi: 10.1073/pnas.131207398

46. Sato, N, Ahuja, SK, Quinones, M, Kostecki, V, Reddick, RL, Melby, PC, et al. CC Chemokine Receptor (CCR)2 Is Required for Langerhans Cell Migration and Localization of T Helper Cell Type 1 (Th1)-Inducing Dendritic Cells. Absence of CCR2 Shifts the Leishmania Major-Resistant Phenotype to a Susceptible State Dominated by Th2 Cytokines, B Cell Outgrowth, and Sustained Neutrophilic Inflammation. J Exp Med (2000) 192:205–18. doi: 10.1084/jem.192.2.205

47. Traynor, TR, Kuziel, WA, Toews, GB, and Huffnagle, GB. CCR2 Expression Determines T1 Versus T2 Polarization During Pulmonary Cryptococcus Neoformans Infection. J Immunol (2000) 164:2021–7. doi: 10.4049/jimmunol.164.4.2021

48. Dunlap, MD, Howard, N, Das, S, Scott, N, Ahmed, M, Prince, O, et al. A Novel Role for C-C Motif Chemokine Receptor 2 During Infection With Hypervirulent Mycobacterium Tuberculosis. Mucosal Immunol (2018) 11:1727–42. doi: 10.1038/s41385-018-0071-y

49. Petermann, M, Orfanos, Z, Sellau, J, Gharaibeh, M, Lotter, H, Fleischer, B, et al. CCR2 Deficiency Impairs Ly6C(lo) and Ly6C(hi) Monocyte Responses in Orientia Tsutsugamushi Infection. Front Immunol (2021) 12:670219. doi: 10.3389/fimmu.2021.670219

50. Leon, B, Lopez-Bravo, M, and Ardavin, C. Monocyte-Derived Dendritic Cells Formed at the Infection Site Control the Induction of Protective T Helper 1 Responses Against Leishmania. Immunity (2007) 26:519–31. doi: 10.1016/j.immuni.2007.01.017

51. Ersland, K, Wuthrich, M, and Klein, BS. Dynamic Interplay Among Monocyte-Derived, Dermal, and Resident Lymph Node Dendritic Cells During the Generation of Vaccine Immunity to Fungi. Cell Host Microbe (2010) 7:474–87. doi: 10.1016/j.chom.2010.05.010

52. Samstein, M, Schreiber, HA, Leiner, IM, Susac, B, Glickman, MS, and Pamer, EG. Essential Yet Limited Role for CCR2(+) Inflammatory Monocytes During Mycobacterium Tuberculosis-Specific T Cell Priming. eLife (2013) 2:e01086. doi: 10.7554/eLife.01086

53. Bosteels, C, Neyt, K, Vanheerswynghels, M, van Helden, MJ, Sichien, D, Debeuf, N, et al. Inflammatory Type 2 cDCs Acquire Features of Cdc1s and Macrophages to Orchestrate Immunity to Respiratory Virus Infection. Immunity (2020) 52:1039–1056 e1039. doi: 10.1016/j.immuni.2020.04.005

54. Bosteels, C, Fierens, K, De Prijck, S, Van Moorleghem, J, Vanheerswynghels, M, De Wolf, C, et al. CCR2- and Flt3-Dependent Inflammatory Conventional Type 2 Dendritic Cells Are Necessary for the Induction of Adaptive Immunity by the Human Vaccine Adjuvant System As01. Front Immunol (2020) 11:606805. doi: 10.3389/fimmu.2020.606805

55. Acosta-Rodriguez, EV, Napolitani, G, Lanzavecchia, A, and Sallusto, F. Interleukins 1beta and 6 But Not Transforming Growth Factor-Beta Are Essential for the Differentiation of Interleukin 17-Producing Human T Helper Cells. Nat Immunol (2007) 8:942–9. doi: 10.1038/ni1496

56. Windon, RG, Chaplin, PJ, McWaters, P, Tavarnesi, M, Tzatzaris, M, Kimpton, WG, et al. Local Immune Responses to Influenza Antigen Are Synergistically Enhanced by the Adjuvant ISCOMATRIX. Vaccine (2001) 20:490–7. doi: 10.1016/S0264-410X(01)00332-2

57. Wee, JL, Greenwood, DL, Han, X, and Scheerlinck, JP. Inflammatory Cytokines IL-6 and TNF-Alpha Regulate Lymphocyte Trafficking Through the Local Lymph Node. Vet Immunol Immunopathol (2011) 144:95–103. doi: 10.1016/j.vetimm.2011.07.007

58. Shiow, LR, Rosen, DB, Brdickova, N, Xu, Y, An, J, Lanier, LL, et al. CD69 Acts Downstream of Interferon-Alpha/Beta to Inhibit S1P1 and Lymphocyte Egress From Lymphoid Organs. Nature (2006) 440:540–4. doi: 10.1038/nature04606

59. Wells, CA, Salvage-Jones, JA, Li, X, Hitchens, K, Butcher, S, Murray, RZ, et al. The Macrophage-Inducible C-Type Lectin, Mincle, Is an Essential Component of the Innate Immune Response to Candida Albicans. J Immunol (2008) 180:7404–13. doi: 10.4049/jimmunol.180.11.7404




Conflict of Interest: PA and DC are co-inventors of patents relating to cationic liposomes. All rights have been signed to Statens Serum Institute.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Desel, Murray, Lehmann, Heger, Christensen, Andersen, Mack, Dudziak and Lang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-13-880474-g004.jpg
2.0 G IFNy secretion

25

€

£ 1.5 g 20

ko] C

g 10 % 1.5

8 g1

<105 * o5
0.0

C57BL/6 Mcl1-- CS57BL/8 Mcl1-/-

IFNy secretion

? cell counts [x1 07]

N
_

Y

fold change
fold change

o
o

c cell counts [x107] IFNy secretion
*

IL-17 secretion
3

fold change
N

-

o]
C57BL/6 Mcl1-/-

IL-17 secretion

* %%
=3C57BL/6 + DDA/TDB
mmCcr2-/- + DDA/TDB
EIC57BL/6 + CpG
= Cer2/- + CpG

IL-17 secretion

qg)v K%k g2 *
S ©
= <
S4 S
=2 o1
2 ke
0 0
b cell counts monocytes
= 2 1.0
g MMnaive -.rg bty
» | Jcs7BLe I L
S 141 HEMccer2” £05
Q Q
o o
3 I
° 0 © 0
day 1 day 3 day 1 day 3
E . :
- adjuvant+ cells 3, adjuvant+ DC
E’ [cs78Li6 “é
E 2 ElCcr2 'Ez
5 e !
825 8
8 8o

day 1

day 1

day 3

day 3





OEBPS/Images/fimmu-13-880474-g002.jpg
A neutrophils monocytes
20 — ** 15
= —
'© 15 S 10
1.0 X,
£os éi £ 05 kx|
§ *kk 3 — kk%
e [S]
= 01 ; — ek = 02
Q [
e © 01
0
n day 1 day 7 n day 1 day 7
B ¥ -
G-CSF 300 IP 13*
150 *% =
= 1ood LT £
€ E
2 2
Sl 100
0 0
C neutrophils monocytes
4 ** Tk* * % 15
& —* &
x 3 X,
2 210
= 2
= Sos
g ! 3
. 0 Fla | E ,
n day1 day3 day7 n day1 day3 day7
D cell counts 444
@ 10 — %% O naive
x 75 3 C57BL/6
8 s oo Mincle'//'
3 " -/-
3 55 I mm Mydds
g oLm
day 1 day 3
E cell counts CD4 T cells CD8 T cells B cells
. *k% *k%k 0.6 *k%k *%
[y 6.0 —%F ,g"I.O = ,g'
X, X, X,
£ 40 £ -
5 505 S
8 20 8 8
8 8 8

=





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Monocytes Elicit a Neutrophil-Independent Th1/Th17 Response Upon Immunization With a Mincle-Dependent Glycolipid Adjuvant

      

        		

          Introduction

        



        		

          Results

        

          		

            The Vaccine Adjuvant DDA/TDB Induces Rapid Influx of Neutrophils and Monocytes

          



          		

            Mincle and MyD88 Contribute to Monocyte/Neutrophil Recruitment and Increased Lymph Node Cellularity

          



          		

            Acquisition of Adjuvant by dLN APC

          



          		

            Depletion of Monocytes, but Not of Neutrophils, Abrogates Adjuvant Effect of DDA/TDB

          



          		

            Genetically Deficient Mice Confirm Essential Role of Monocytes but not Neutrophils

          



        



        



        		

          Discussion

        



        		

          Materials and Methods

        

          		

            Ethics Statement

          



          		

            Mice and Immunization

          



          		

            Generation and Stimulation of Macrophages and DC

          



          		

            Antigen-Specific Re-Stimulation

          



          		

            Cell Isolation and Flow Cytometry

          



          		

            Cell Depletion

          



        



        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu.2022.880474_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Monocytes Elicit a
Neutrophil-Independent Th1/Th17
Response Upon Immunization With a
Mincle-Dependent Glycolipid Adjuvant





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-880474-g003.jpg
150 IFNy Sicretlon

ng/ml

0
isotype MC21 1A8

25
20
15
10

IL-17 secretion
*

*%*

isotype MC21 1A8





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-880474-g001.jpg
A2_0 footpad swelling 45 IFNy secretion 5 IL-17 secretion

B

15
E _10 _10
51.0 g E

(o))

S 05 €5 €5
<

0.0 0 0

5 6 7
01 2 3day4 56 7 4 day5 6 7 day

B neutrophils monocytes total cells
—15 =15 3
o o '
210 X4 0 X2
2 & 2
= = c
= 3 >
805 805 / 81
E E . 3

-

0 2 6 2448 721

14168 6 24 48 72 14 18 0 2 6 24 48 72 144168
hours hours hours
€ IL-6 D GcCSF IP10 MCP-1
2 N 6
_ *kk _ 04 — _
€ E = E 4
=2 el 202 2,
0

Tris DDA DDA/TDB Tris DDADDA/TDB  Tris DDA DDA/TDB

Tris DDA DDA/TDB





